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A remarkable molecular and functional heterogeneity of the
primary sensory neurons and dorsal horn interneurons transmits
pain- and or itch-relevant information, but the molecular signature
of the projection neurons that convey the messages to the brain is
unclear. Here, using retro-TRAP (translating ribosome affinity pu-
rification) and RNA sequencing, we reveal extensive molecular di-
versity of spino- and trigeminoparabrachial projection neurons.
Among the many genes identified, we highlight distinct subsets
of Cck*-, Nptx2*-, Nmb*-, and Crh*-expressing projection neurons.
By combining in situ hybridization of retrogradely labeled neurons
with Fos-based assays, we also demonstrate significant functional
heterogeneity, including both convergence and segregation of
pain- and itch-provoking inputs into molecularly diverse subsets
of NK1R- and non-NK1R-expressing projection neurons.
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Recent studies described a plethora of neurochemically distinct
primary afferent and spinal cord interneuron populations that
are tuned to discrete pain and itch stimulus modalities (1-5).
Importantly, however, the generation of modality-specific percepts
does not arise from the brain’s analysis of the activity of inter-
neurons, but rather from activity of different projection neuron
populations, which must be interpreted at supraspinal loci. It is,
therefore, critical to address the extent to which the primary af-
ferent and interneuron heterogeneity and specificity extends to the
projection neurons in the dorsal horn of the spinal cord and in its
medullary homolog, the trigeminal nucleus caudalis (TNC) (6).
Anatomical studies identified three morphological classes of
lamina I projection neurons, and there is some, albeit controversial,
evidence for the correlation of morphology with the electrophys-
iological profile, ascending projection, and receptor expression of
these cells (for review see ref. 1). There is certainly considerable
evidence for functional heterogeneity. For example, many lamina I
projection neurons respond only to noxious mechanical and/or
thermal stimulation (7-12). Another population, in primates (10, 13)
and cats (8, 14), responds only to innocuous cooling. Lastly, there
is a significant population of wide dynamic range (WDR) neurons
that respond to both innocuous and noxious stimuli in the deep
dorsal horn (9, 15-18). Subsets of the WDR and nociceptive-specific
neurons are pruriceptive (19-24), with separate populations, in pri-
mates, responding to the pruritogens, histamine, and cowage (21, 22).
From a molecular perspective, however, the projection neurons
are often regarded as relatively homogeneous, despite evidence to
the contrary. Until recently, the neurokinin 1 receptor (NK1R) was
the predominant marker of projection neurons in lamina I and the
lateral spinal nucleus (LSN) (25, 26). However, two recent studies
introduced genes, namely Phox2a (27) and Gpr83 (28), that define
large populations of projection neurons. Importantly, behavioral
studies in mice in which Phox2a was deleted (27), or the neurons
that express Gpr83 were stimulated (28), demonstrated that those
projection neurons, many of which target the brainstem para-
brachial nucleus, contribute to the transmission of different pain
modalities. There is also evidence for subsets of NK1R neurons,
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based on projection target (29) or molecular makeup (29-32).
Most recently, using unbiased single-cell transcriptomics, Héring
et al. (33) identified an excitatory neuron cluster (Glutl5) that
includes NK1R-expressing spinoparabrachial neurons. This cluster
included Lypd1, a forebrain protein implicated in anxiety disorders
(34). However, as Lypdl labels ~95% of spinoparabrachial neu-
rons (33), it likely does not define a functionally distinct subset.
Here we first identified molecularly distinct subpopulations of
projection neurons and next asked whether these subpopulations
are also functionally heterogeneous. The approach that we took
involved a sequential series of filtering steps. First, we performed
projection neuron-centric RNA sequencing (RNA-seq). Using
retro-TRAP (translating ribosome affinity purification), we purified
lateral parabrachial (LPb)-projecting neurons from the spinal cord
and TNC and generated RNA-seq datasets of candidate projection
neuron genes. As many of these genes are also expressed by spinal
cord and TNC interneurons, in the next filtering step we verified the
projection neuron hits by combining retrograde tracing and mul-
tiplexed in situ hybridization. The latter studies were qualitative in
nature, but they identified genes that establish molecular heteroge-
neity of projection neurons. Lastly, we performed functional studies
using TRAP2 mice (targeted recombination in active populations)
(35), in which a reporter is expressed in activated neurons. In the
same mice, we documented activated neurons in the more tradi-
tional manner by immunostaining for the Fos protein. Our studies
evaluated responsiveness to pain- and itch-provoking stimuli and
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To generate modality-specific percepts (e.g., pain vs. itch), the
brain must interpret the activity that arises from the output cells
(projection neurons) of the dorsal horn of the spinal cord, which
receive and then transmit pain- or itch-provoking stimuli. How-
ever, neither the extent to which projection neurons relay
modality-specific messages nor the molecular makeup of these
neurons is clear. Here, we report that the projection neurons are,
in fact, diverse, not only molecularly but also functionally. By
focusing on genes expressed by projection neurons within the
neurokinin-1 receptor (NK1R) and non-NK1R-expressing pop-
ulations, we also demonstrate considerable functional heteroge-
neity among these subsets, including nociceptive (pain)-specific,
pruriceptive (itch)-specific, and polymodal (both pain and itch)
subsets of projection neurons.
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demonstrated functional heterogeneity in the molecular diverse Confirmation of specific immunolabeling of projection neurons
projection neuron population. Taken together, we report both ~ was followed by the immunoprecipitation of GFP- or HA-tagged
algogen and pruritogen convergence as well as preliminary evi-  ribosomes and associated mRNA from spinal cord and trigeminal
dence for labeled-line properties of molecularly diverse subsets of  tissue. Specificity of the immunoprecipitation (IP) was confirmed

NK1R- and non-NK1R-expressing projection neurons. by qPCR. In all IP vs. input libraries we recorded enrichment of
Gfp (~64.6-fold; Fig. 1D and SI Appendix, Fig. S14) and Tacrl
Results (~26.5-fold; Fig. 1E and SI Appendix, Fig. S1B). Depletion of glial

Selective Purification and Profiling of Projection Neuron RNA. To pu-  markers (36) in the PN libraries (mbp: ~6.4-fold; mal: ~3.9-fold;
rify and sequence RNA specifically from projection neurons, we  sicla2: ~7.0-fold) and in the NK libraries (mbp: ~4.2-fold; mal:
injected a replication-deficient, retrograde herpes simplex virus (HSV)-  ~5.4-fold; slcIa2: ~1.2-fold) (Fig. 1 F and G and SI Appendix, Fig.
based viral vector encoding a green fluorescent protein (GFP)-tagged ~ S1C) further confirmed specificity of the IPs.

large ribosomal subunit protein L10 (HSV-GFPLI10) into the LPb

of wild-type mice, which induced expression of GFP-L10 in spino-  Candidate Projection Neuron Genes. After qPCR confirmation that
and trigeminoparabrachial projection neurons (Fig. 14). In a par-  the IPs were specific for projection neurons, as a first filtering
allel study, to selectively target LPb-projecting neurons that express  step, we performed bulk ribosomal RNA-seq on all IP (GFP or
the NK1R, we injected an HSV-based viral vector encoding a Cre-  HA-tagged ribosomes) and input samples (dorsal spinal cord and
recombinase—dependent HA-tagged L10 (HSV-flex-HAL10) into  TNC). To compare the PN and NK datasets obtained by RNA
the LPb of NK1R-Cre mice. Data obtained from animals injected  sequencing and differential expression analysis (SI Appendix, Fig.
with HSV-GFPL10 or HSV-flex-HAL10 are hereafter referred to  S1 F and G and Datasets S1 and S2) we plotted the gene fold
as the “PN” or “NK” dataset, respectively. To increase the total — changes within each dataset against the changes in the other
number of labeled projection neurons, in the following studies we  (Fig. 1H). Data points in quadrants one (Q1) and three (Q3)
combined spinal cord and trigeminal tissue. Two weeks after the  represent transcripts that are enriched or depleted, respectively,
viral injections, we recorded GFP- and HA-tagged ribosomes in  in projection neurons in both datasets; data points in quadrants
projection neurons throughout the spinal cord and TNC in wild-  two (Q2) and four (Q4) represent transcripts that are differentially
type (Fig. 1B) and in NK1R-Cre (Fig. 1C) mice, respectively. enriched or depleted. As ~90% of all lamina I spinoparabrachial

A ’ PN: Wildtype; HSV-hEF1a-GFP-L10a I

/ ’ NK: NK1R-cre; HSV-hEF1a-LS1L-Flag-HA-L10a I
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Fig. 1. Selective purification and profiling of projection neurons reveal candidate genes expressed by projection neurons. (A) Experimental design. (B and C)
Representative images of GFP (B) and HA (C) immunofluorescence in nucleus caudalis (Left) and spinal cord (Right) from wild-type and NK1R-Cre mice, re-
spectively, illustrate projection neurons GFP or HA-tagged ribosomal protein. (Scale bar 100 um.) (D and E) gPCR results showing enrichment of Gfp (D) and
Tacr1 (E) in IP relative to input samples, in PN and NK experiments, respectively. Data are normalized to Rpl27 and represented as mean + SEM. (F and G) gPCR
shows depletion of glial genes in IP relative to input samples in PN (F) and NK (G) experiments. Data are normalized to Rpl27 and input relative expression and
represented as mean + SEM. (H) RNA sequencing shows differential expression data of IP relative to input fold change for PN experiments vs. NK experiments.
Quadrant 1 (Q1) contains genes enriched in both datasets; Q2 contains genes depleted in both; Q3 and Q4 contain genes differentially altered in PN vs. NK
datasets. Inset shows enlarged Q1 with genes of interest highlighted in black. Genes significantly enriched or depleted in both PN and NK datasets are
highlighted in red. Genes significantly changed in PN, but not NK dataset, are highlighted in green, while genes significantly changed in NK, but not PN,
datasets are highlighted in blue. All significant differences P < 0.05.
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neurons express the NKIR (37, 38), we expected both datasets to
be largely overlapping and thus the majority of data points should
lie in Q1 and Q3. This was indeed what we observed. On the other
hand, and somewhat unexpectedly, as Phox24 had only been
recorded during development (27), we observed significant en-
richment of Phox2a (~4.8-fold) in the NK1R subset of projection
neurons, but not in the non-NK1R subset. We presume that our
detection of the actively translated Phox2A4 message in the adult
using RNA-seq is a more sensitive detection method than im-
munohistochemistry. This association suggests that the Phox2a
population of projection neurons is functionally comparable to
the NK1R-expressing subset. Importantly, the transcripts in Q4
provide a valuable (albeit limited) list of genes likely expressed
by the non-NK1R-expressing projection neurons, for which
there are currently no or only very limited marker genes identified
(Dataset S3). Lastly, using qPCR we confirmed enrichment of the
candidate gene hits from the RNA-seq datasets (S Appendix, Fig.
S1 D and E).

Because the first filter (RNA sequencing and confirmation by
qPCR) identified pan-neuronal as well as projection neuron
genes, in a second filter step we performed fluorescent in situ
hybridization (ISH) to narrow down the list of hits to those more
discretely expressed by projection neurons. As a result, our focus
is on several genes that are enriched in the PN or NK RNA-seq
and qPCR datasets (Q1) (Fig. 1H and SI Appendix, Fig. S1 D-G).
Importantly, we prioritized genes that have previously been im-
plicated in pain and/or itch processing, but not described with
respect to projection neuron neurochemistry. Because the TNC
contains significantly greater numbers of projection neurons than
in the spinal cord, our analyses began in the TNC.

Cck encodes cholecystokinin, a peptide expressed in dorsal horn
neurons (33, 39-43) and has been implicated as an antiopioid
(44, 45). To confirm our RNA-seq and qPCR findings of Cck
enrichment in projection neurons, we retrogradely labeled LPb-
projecting neurons with HSV-GFPL10 and performed double
fluorescent ISH for Gfp and Cck in the TNC. Fig. 24 illustrates
Cck-expressing/Gfp-positive neurons (i.e., projection neurons)
in laminae IIT and IV, and interestingly, many fewer in lamina I.
However, based on the high number of Cck-positive/Gfp-negative
neurons, we conclude that the majority of the Cck-expressing cells
are interneurons. We observed similar patterns of double labeling
in the spinal cord dorsal horn.

The neuronal pentraxin 2 (Nptx2) gene encodes a secreted
protein involved in excitatory synaptogenesis. Nptx2 has been
implicated in various neuropsychiatric disorders (46) and pain
processing (47). Here we recovered Gfp-expressing LPb-
projecting neurons that coexpress Nptx2, predominantly in lam-
inae I and III/IV (Fig. 2B). As for Cck, however, the high number
of Nptx2-positive/Gfp-negative neurons indicates that Nptx2-
expresssing interneurons predominate.

Neuromedin B (Nmb), a member of the bombesin-like family of
peptides, is robustly expressed in sensory neurons and in scattered
dorsal horn neurons (48) and has been implicated in both pain and
itch processing (48-51). We found that Nmb is expressed sparsely
in the TNC, predominantly in superficial laminae and a subset of
these were Gfp-labeled LPb-projecting neurons (Fig. 2C).

Lastly, we characterized corticotropin-releasing hormone (Crh),
which is a major contributor to the hypothalamic-pituitary-adrenal
axis-induced stress response and has been implicated in both pe-
ripheral and central pain processing (52, 53). We recorded Crh/
Gfp-labeled LPb-projecting neurons (Fig. 2D) in superficial TNC.
Taken together, these results identify genes not previously asso-
ciated with LPb-projecting neurons. Interestingly, although Héring
et al. (33) reported that Crh is expressed in the Glutl5 cluster,
which includes spinoparabrachial neurons, this was not the case
for Cck, Nptx2, and Nmb.
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Molecular Heterogeneity of the NK1R-Expressing Dorsal Horn Neurons.
To determine the extent to which the projection neuron-associated
genes identified by RNA-seq are expressed in subsets of the NK1R-
expressing neurons, or whether these genes define unique pop-
ulations, we next performed double- and triple-fluorescent ISH for
Tacrl and each of the enriched genes (Fig. 3 and SI Appendix, Fig.
S2). We recognize that although the NK1R is expressed by a large
number of interneurons (54), it is still considered a reliable marker
of projection neurons. Recognizing this limitation, in a subsequent
experiment, we introduced Retrobeads to directly mark the pro-
jection neurons (see below). Fig. 34 illustrates that for each gene
tested, we recorded cells that coexpressed the enriched gene and
Tacrl and others that only expressed the gene or Tacrl. Interest-
ingly, although we observed Tacrl-expressing neurons that coex-
pressed Cck in the deep dorsal horn, only rarely did we find Cck and
Tacrl coexpressed in lamina I neurons (Fig. 3B and SI Appendix,
Fig. S24). In both superficial and deep dorsal horn, we observed
subsets of Tacrl-expressing neurons that coexpress Npx2 (Fig. 3C
and ST Appendix, Fig. S2B), Nmb (SI Appendix, Fig. S2C), and Crh
(SI Appendix, Fig. S2D). In all cases, we observed many neurons
that solely expressed Tacrl, or that were positive for the candidate
gene, but not Tacrl (SI Appendix, Fig. S2 A-D).

We also investigated whether Cck and Nptx2 defined nonover-
lapping subpopulations of NK1R-expressing neurons. Using triple-
fluorescent ISH for Tacrl, Cck, and Nptx2, we, in fact, observed
neuron subtypes that express every combination of the genes
(Fig. 34). Specifically, some neurons triple-labeled for Tacri, Cck,
and Nptx2 (Fig. 3 A, 1); others coexpress two of the genes
(Fig. 3 A4, 2-4), and others only express one of the three (Fig. 3 4,
5-7). Based on these results, we conclude that there are at least
four subsets of Tacrl-expressing neurons: Tacrl*Cck™Npx2*
(Fig. 34, 1), Tacrl*Cck*Nptx2~ (Fig. 3 A, 4), Tacrl *Cck™Npte2™*
(Fig. 3 4, 2), and Tacrl*Cck™Nptx2~ cells (Fig. 3 A, 7). Clearly,
the NKI1R-expressing projection neuron population is not at all
homogeneous. Rather, Tacr! is but one marker of a molecularly
heterogeneous population of projection neurons.

Recently, several studies reported that substance P (Tac!), which
targets the NK1R, is also expressed by a subset of the NK1R-
expressing projection neurons (29, 32). We confirmed these find-
ings. Specifically, our RNA-seq and qPCR analysis not only
identified Tacl as a gene expressed by NK1R projection neurons
(approximately fourfold enrichment by RNA-seq), but using ISH,
we also demonstrated significant coexpression of Tacl and Tacrl
mRNA in a subset of projection neurons labeled with Retrobeads
(SI Appendix, Fig. S34). As to other reported genes expressed in
projection neurons, Héring et al. (33) delineated several that cluster
with Tacr! in the dorsal spinal cord, including Lypdl and Elavi4.
We confirmed these findings by RNA-seq (Fig. 1H/) and by ISH in
spinoparabrachial projection neurons (SI Appendix, Fig. S3B).

Pain- and Itch-Provoking Stimuli Engage Subsets of Molecularly Defined
Projection Neurons. We next used Fos mRNA expression to monitor
the responsiveness of the retrogradely labeled (Retrobead) projection
neuron subsets to an algogenic/painful stimulus (submerging one
hindpaw in 50 °C water) or a pruritic/itch-provoking stimulus (cheek
injection of chloroquine [CQ], 5.0 pg/uL). To prevent movement- and
scratching-provoked Fos, the mice were anesthetized throughout the
experiment. Twenty minutes after stimulation the mice were killed
and we performed triple-labeled ISH in lumbar spinal cord and TNC.
The total cell counts for each experiment were obtained by com-
bining data from two to four mice with three to six sections each, and
included Retrobead-labeled cells from superficial and deep laminae
of the dorsal horn and TNC, as well as the LSN.

Pain-relevant projection neurons. As expected, Fos induction was most
pronounced ipsilateral to the stimulus (SI Appendix, Fig. S44). We
recorded the greatest number of heat-induced Fos™ neurons in
superficial laminae (I/I1) and Cck™ projection neurons in laminae
III/IV, and in both regions we observed double-labeled Fos- and
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In situ hybridization confirms candidate projection neuron genes identified by RNA-seq. Representative TNC sections illustrate colabeling of Cck (A),

Nptx2 (B), Nmb (C), and Crh (D) mRNA (red) with Gfp-tagged trigeminoparabrachial projection neurons (green). Insets show enlarged examples of individual

cells positive for both candidate gene and Gfp. (Scale bars, 100 pm.)

Cck-positive projection neurons (Fig. 44). On average, about 33%
of all projection neurons in lumbar cord were Cck positive, and 9%
expressed Cck and were noxious-heat responsive, i.e., Fos positive
(Fig. 4B), indicating that ~27% of the Cck-projection neurons
responded to noxious heat. For the Nptx2 population, we observed
41% of projection neurons that were Np&x2* and 21% that coex-
pressed Nptx2 and Fos after noxious heat stimulation (Fig. 4 C and
D), indicating that ~50% of the Nptx2-expressing projection neu-
rons respond to the noxious heat stimulus. As both Nmb (Fig. 4 E
and F) and Crh (Fig. 4 G and H) have highly restricted expression
patterns, as expected, we only recorded a few cells per section that
were positive for either gene. In this limited number, we found that
36% of the projection neurons were Nmb positive and 10% of all
projection neurons were both Nmb and Fos expressing, indicating
that ~27% of the limited number of Nmb™ projection neurons are
“pain” responsive. Finally, for the Cri population, we recorded 26%
of projection neurons expressing the gene, and 12% of projection
neurons that expressed Crh responded to noxious heat, suggesting
that roughly 50% of Crh-positive projection neurons respond to
noxious heat.

Itch-relevant projection neurons. Similar to what we observed with the
heat stimulus, we found that chloroquine-mediated Fos induction
was most pronounced in the superficial laminae of the TNC, ip-
silateral to the stimulus (SI Appendix, Fig. S4B). We found that
24% of the projection neuron population in the TNC expressed
Cck and 29% of these Cck* projection neurons were activated by
pruritic stimulation (Fig. 54); many were in deep dorsal horn. In
other words, only 7% of all projection neurons coexpressed Fos
and Cck (Fig. 5B). We found that 33% of TNC projection neurons
express Nptx2 (Fig. 5C); 36% of these projection neurons
responded to chloroquine. The latter neurons comprised 12% of
all projection neurons (Fig. 5D). In contrast to the chloroquine
responsive Cck™t population, the Nptx2* responsive neurons pre-
dominated in lamina I. As for the Nmb population of TNC pro-
jection neurons, we found that 25% of projection neurons express
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Nmb (Fig. 5E) and 8% coexpressed Nmb and Fos, i.e., 32% of
Nmb-expressing projection neurons responded to chloroquine
(Fig. 5F). Lastly, we observed that only 14% of the TNC projec-
tion neurons express Crh (Fig. 5G) and 4% coexpresed Crh and
Fos, indicating that 28% of Crh-positive projection neurons in the
TNC respond to the pruritogen (Fig. 5H). To summarize, we re-
port here that approximately one-third of each dorsal horn and
TNC population of Cck-, Nptx2-, Crh-, and Nmb-expressing pro-
jection neurons responds to heat and/or chloroquine. The extent
of convergence is addressed in the next set of experiments.

Pain- and Itch-Provoking Stimuli Converge upon Projection Neurons.
To visualize neurons in the mouse that were activated by two stimuli
separated in time, we next used the TRAP2 (Targeted Recombi-
nation in Active Populations) (35) (Fig. 6 and SI Appendix, Figs.
S5-S7). After exposure to a stimulus delivered within a specific time
frame, neurons that are activated by that stimulus permanently
express tdTomato (tdT), a reporter that is expressed in a Cre-
and Fos-dependent manner. In preliminary time course studies,
we determined that a larger number of TRAPed neurons could
be detected 3 h after injection of 4-OH-tamoxifen (100 mg/kg).
The studies were performed in mice that were injected with
Fluoro-Gold (FG) into the LPb 1 wk prior to the first (TRAPed)
stimulation, which allowed for analysis of convergent activation
in projection neurons.

An important feature of our protocol is that we anesthetized the
mice in order to reduce movement (scratching, paw withdrawal, or
ambulation)-evoked tdT expression. Specifically, we anesthetized
the 4-OH-tamoxifen—injected mice and then applied a noxious heat
stimulus (submerging the mouse hindpaw five times in 50 °C water
for 30 s, at 30-s intervals) or injected chloroquine (200 pg) into the
hindpaw. One week later, at which point the 4-OH-tamoxifen
window was closed, and again under anesthesia, we injected the
mice that previously received the heat stimulus with chloroquine,
whereas mice that previously received chloroquine were administered
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Molecular heterogeneity of dorsal horn Tacr7-expressing neurons. (A) Representative section of lumbar spinal cord after triple ISH for Tacr1 (blue),

Cck (green), Nptx2 (red), and DAPI (white). Insets show examples of enlarged single neurons with different gene expression combinations, including triple-
labeled (A, 1), double-labeled (A, 2 to 4) and single-labeled (A, 5 to 7) cells. (B and C) Representative sections of lumbar spinal cord after double ISH for Tacr1

(green) and (B) Cck (red) or (C) Nptx2 (red). (Scale bars, 100 pm.)

the heat stimulus. All mice were killed 90 min later and lumbar spinal
cord was processed for immunocytochemical demonstration of the
Fos protein and concurrent tdT- expression.

As expected, tdT fluorescence (endogenous) and Fos immuno-
reactivity were most pronounced in the dorsal horn ipsilateral to
the stimulus (SI Appendix, Fig. S5). Demonstrating convergence,
we found that many of the FG-positive projection neurons were
also tdT- and Fos-positive (Fig. 6 A-D and SI Appendix, Figs. S6 and
S7). These triple-labeled cells (i.e., FG*, Fos™, tdT*) predominated
in lamina I. By contrast, double-labeled, presumptive interneurons,
i.e, FG™, Fos*, tdT*, were prevalent in lamina II. Other pro-
jection neurons in laminae I and V responded only to the noxious
(heat) stimulus, i.e., were tdT positive and Fos negative (SI Ap-
pendix, Fig. S6B), while others responded only to the pruritogen,
i.e., were tdT negative and Fos positive (SI Appendix, Fig. S6A).
Somewhat surprisingly, counts of single- and double-labeled pro-
jection neurons demonstrated that the majority of projection
neurons did not respond to either stimulus, even though they were
located in sections that contained large numbers of activated
neurons (SI Appendix, Fig. STE). There are several possible ex-
planations for this result. First, many of the double-labeled neu-
rons are likely interneurons, which may be less susceptible than
projection neurons to the anesthetic used in this experiment.
Furthermore, the retrograde tracer likely only marked a subset of
the total projection neuron population and therefore some of the
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tdTomato- and/or Fos-positive neurons may include Fluorogold-
negative projection neurons. As to specificity and convergence,
although the heat-only responsive neurons predominated, notably
in laminae I and II, projection neurons responsive only to chlo-
roquine were readily recorded in all laminae, regardless of the
stimulus order (Fig. 6 B and C and SI Appendix, Fig. S7 B, C, and
F). Taken together, we conclude that subsets of projection neu-
rons transmit both pain- and itch-relevant messages to the brain.
These are intermingled with others that are more selective to one
or the other stimulus.

Molecularly Distinct Projection Neuron Populations Are Functionally
Heterogeneous. To integrate the molecular heterogeneity findings
demonstrated above with the functional heterogeneity revealed in
the TRAP? studies, we next performed a highly multiplexed, albeit
nonquantitative ISH analysis, on lumbar dorsal horn tissue from
TRAP2 mice stimulated alternatively with pain- and itch-provoking
stimuli. In these experiments, after the 4-OH-tamoxifen, we first
“TRAP”ed itch-responsive neurons by injecting chloroquine into
the hindpaw, and 1 wk later we stimulated pain-responsive neurons
by submerging the same hindpaw in 50 °C water. To identify pro-
jection neurons, these studies were performed in mice that were
injected with Retrobeads into the LPb 1 wk prior to the chloro-
quine. We killed the mice 15 to 30 min after the second stimulus
and performed multiplexed ISH for T (itch-responsive neurons),
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Fig. 4. A subset of molecularly defined projection neurons responds to noxious heat. (A, C, E, and G) Representative images of lumbar spinal cord illustrate
Retrobead-labeled spinoparabrachial neurons (green) coexpressing Cck (A), Nptx2 (C), Nmb (E), or Crh (G) (red), and the Fos immediate-early gene (blue),
after hindpaw stimulation with noxious heat (50 °C). Insets show enlarged examples of triple-labeled cells. (B, D, F, and H) Pie charts illustrate percentages of
projection neurons that express Fos after noxious heat stimulation, percentage of projection neurons that express Cck (B), Nptx2 (D), Nmb (F), or Crh (H), as
well as the percentage of projection neurons that express both Fos and respective genes. Quantification includes data from two to four mice per gene and

three to six lumbar spinal cord sections per mouse. (Scale bars, 100 pm.)

Fos (pain-responsive neurons), Tacrl, Cck, Nptx2, and Crh (Figs. 7
and 8 and ST Appendix, Figs. S8 and S9). In both the superficial
(Fig. 7) and deep dorsal horn (SI Appendix, Fig. S9 A-G), as well
as the LSN (S1 Appendix, Fig. S9 H and I) we observed projection
neurons that responded only to the pain-provoking stimulus, i.e.,
are Fos positive and tdT negative (Fig. 7 A—F and SI Appendix, Fig.
S9 D, E, and I). Some projection neurons responded to both the
pain- and itch-provoking stimuli (Fig. 7 H-J and SI Appendix, Fig.
S9 A-C and H) and others did not respond to either (Fig. 7 K and L
and SI Appendix, Fig. S9 F and G). Less frequently, we observed
neurons that responded only to the itch-provoking stimulus
(Fig. 7G). Importantly, each of these activated projection neurons
expressed varying combinations of the genes. As expected, most of
the projection neurons express the NK1R and one or more of the
genes; however, by integrating the TRAP2 analysis, we now dem-
onstrate that these neurons are also functionally heterogeneous,
including itch- and pain-responsive subsets. Lastly, we found that
the non—-NK1R-expressing projection neurons are also molecularly
diverse, but in this limited population we did not observe examples
of convergence of pain and itch inputs onto these cells (Fig. 8).
Overall, we conclude that despite limited evidence for functional
labeled lines, the molecular diversity of the projection neurons that
respond to both pain- and itch-provoking inputs provides a basis for
the transmission of distinct functional messages to the brain.

Discussion

There is general agreement that primary sensory neurons and
dorsal horn interneurons are heterogeneous, responding to dif-
ferent degrees selectively to pain- and or itch-provoking stimuli.
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Surprisingly, despite considerable evidence that the projection
neurons that transmit pain and itch are diverse in regards to location,
projection targets, morphology, and electrophysiological properties,
reference is often made to a rather homogeneous molecular and
functional population of projection neurons. Based on the present
ribosomal profiling of the LPb-projecting neurons we conclude
that there are, in fact, molecularly and functionally distinct sub-
populations of projection neurons that can be distinguished based
on gene expression, spatial location in the dorsal horn and TNC,
and responsiveness to pain- and/or itch-provoking stimulation.

Technical Considerations. As noted above, we designed the initial
filtering steps to identify neuronal genes that are expressed by pro-
jection neurons. Given the nature of the input samples, which in-
cluded all spinal cord and TNC cells, glial and neuronal, we recognize
that many of the RNA-seq hits, although clearly enriched in neu-
rons relative to glia, also included genes expressed by interneurons.
However, the subsequent filter steps, taken together with a com-
parison of results with the Héaring et al. (33) database, directed
our attention to genes that, although not exclusively expressed in
projection neurons, unequivocally defined subtypes. Furthermore,
because there is considerable variability in retrograde labeling, it
was never our intention to quantify the percentage of projection
neurons that express each gene. Rather these filtering steps iden-
tified genes that informed the subsequent in situ and functional
studies that demonstrated molecular and functional heterogeneity
of the projection neurons.

Although our results clearly indicate that there is convergence
of noxious and pruritic inputs onto subsets of projection neurons,
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Fig. 5. A subset of molecularly defined projection neurons responds to pruritic (chloroquine) stimulation. (A, C, E, and G) Representative images of tri-
geminal nucleus caudalis illustrate Retrobead-labeled trigeminoparabrachial neurons (green) coexpressing Cck (A), Nptx2 (C), Nmb (E), or Crh (G) (red) and
the Fos immediate-early gene (blue), after chloroquine injection into the cheek. Insets show enlarged examples of triple-labeled cells. (B, D, F, and H) Pie
charts illustrate percentages of projection neurons that express Fos after chloroquine injection, percentage of projection neurons that express Cck (B), Nptx2
(D), Nmb (F), or Crh (H), as well as the percentage of projection neurons that express both Fos and respective genes. Quantification includes data from two to
four mice per gene and three to six lumbar spinal cord sections per mouse. (Scale bars, 100 pm.)

for several technical reasons, it was more difficult to provide
evidence for labeled lines, i.e., segregation of pain and itch inputs
onto distinct subsets of projection neurons. First, as noted above,
retrograde labeling of spinal cord projection neurons using
viruses and tracers can vary considerably from mouse to mouse
and, therefore, it is very likely that we missed subsets of pro-
jection neurons. As a result, numbers of projection neurons in
the samples were undoubtedly underestimated. Second, although
the tamoxifen inducibility of the TRAP2 mouse allows for tem-
poral and spatial recombination, it was still difficult to find the
right balance between labeling large numbers of active neurons
(achieved with higher doses of tamoxifen) vs. nonselective la-
beling (due to movement and walking rather than to “pain” or
“itch”). Although it was possible to mitigate the latter by stimulating
the mice under anesthesia, recovery from anesthesia occurs before
the end of the tamoxifen window. Therefore, some walking-induced
labeling will be detected. Finally, because induction of the Fos
activity marker was easier and more consistent to achieve than
induction of the tdTomato activity reporter (due to its tamoxifen
dependence), their patterns of expression were not identical and
made it impossible to conclude for example that a Fos-positive
(heat-mediated) but tdT-negative (CQ-mediated) neuron corre-
sponded to a neuron that was activated by heat but not CQ. Indeed,
the lack of tdT labeling could have been the result of insufficient
tamoxifen-mediated recombination. On the other hand because
Fos is much more sensitive than tdTomato, we could confidently
conclude that a tdTomato-positive, but Fos-negative neuron cor-
responded to a neuron that responded selectively to chloroquine.
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In other words, the findings argue strongly for some specificity in
the responsiveness of subsets of projection neurons.

NK1R Is Not the Ideal Projection Neuron Marker. A common trend in
the literature is to equate pain and itch projection neurons with
NKI1R expression. Although Todd and colleagues determined that
80% and ~90% of lamina I projection neurons in the rat (38, 55)
and mouse (32), respectively, express the NK1R, fewer than half
of deep dorsal horn projection neurons express the receptor (32,
55). Studies that used the NK1R to define the functional contri-
bution of those projection neurons also have limitations. For ex-
ample, Mantyh et al. (25) and Carstens et al. (26) found that
ablating NK1R-expressing neurons reduces behaviors indicative of
both pain and itch. At first glance this suggests that pain and itch
inputs converge on NKI1R-expressing projection neurons. Based
on our present findings, we found that a population of NK1R-
expressing projection neurons can transmit both inputs; however,
we also found that subpopulations of NK1R-expressing neurons
likely transmit modality-specific information to the brain. We
conclude, therefore, that the NK1R is not the ideal marker to
interrogate specificity at the level of the projection neurons.

Projection Neurons that Do Not Express the NK1R. Although most
superficial dorsal horn projection neurons express the NKIR,
about 10 to 20% of the lamina I projection neurons do not (1).
The same is true for the majority of projection neurons in laminae
III to V, which despite considerable literature implicating them
in pain processing, have largely been ignored (6). In the present
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Fig. 6. Activation of retrogradely labeled projection neurons first trapped by chloroquine and later immunostained for Fos in response to noxious heat.
(A-D) Representative images of lumbar spinal cord from TRAP2-tdTomato mice illustrate Fluorogold-labeled spinoparabrachial projection neurons (A: FG;
blue), chloroquine (CQ)-activated tdTomato (B: tdT; red), and heat-activated Fos (C: green)-immunoreactive neurons. Insets 1 and 2 are magnified to the Right
(a—d) and 3 Below. The arrows in 1a-d point to a projection neuron (FG*) that was activated by CQ (tdT*), but not heat (Fos™) and in 2a-d, to a projection
neuron that was activated by both stimuli (tdT*/Fos*). The image Below (3) highlights examples of single-labeled (squares), double-labeled (asterisks), and
triple-labeled (arrow) neurons. (Scale bar, 100 pm). (E) Histograms illustrate the percentage of lamina | projection neurons (PN) that responded (white bars) or
did not respond (black bars) to one or both stimuli. (F) Histograms illustrate the percentage of lamina I projection neurons (PN) that responded only to CQ (red

bars), only to heat (blue bars), or to both stimuli (purple bars).

study, we compared RNA-seq data of projection neurons from
wild-type mice (i.e., all LPb-projecting neurons of the spinal cord
dorsal horn and TNC) with those from NK1R-Cre mice (i.e., NK1R-
expressing projection neurons). Using differential analysis, we
generated a list of genes that are significantly enriched in the PN
dataset and depleted in the NK dataset. We hypothesize that these
genes are selectively enriched in the non-NK1R-expressing pro-
jection neurons. Although pursuit of these genes is not the subject
of the present study, we present them as a resource for future in-
vestigation. Additionally, our RNA-seq data provide a preliminary
confirmation of a recent identification of Gpr83 expression in the
non-NK1R-expressing projection neurons (28). Specifically, al-
though modest, we found a ~1.7-fold enrichment of Gpr83 in the
PN dataset, but no enrichment in the NK dataset (SI Appendix,
Files S1 and S2). On the other hand, we did not find enrichment
of two other reported markers of the non-NK1R-expressing
projection neurons, namely the glycine al (GlyRal) and GluR4
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AMPA receptor subunits (56, 57). Finally, our studies using Hiplex
ISH revealed examples of molecularly diverse non-NK1R—expressing
projection neurons. In contrast to our findings of algogen and
pruritogen convergence on NKIR projection neurons, however,
we did not find comparable convergence in what admittedly was a
limited sample of non-NK1R projection neurons. For the same
reason we are hesitant to conclude that there is greater specificity
of modality transmission along the non-NK1R population.

Molecular Properties of Projection Neurons vs. Existing Dorsal Horn
Neuronal Transcriptomics. Recent single-cell and single-nucleus
RNA-sequencing studies reported on the molecular heterogeneity
of spinal cord neurons. Sathyamurthy et al. (58) identified 16 dorsal
horn excitatory neuron types, but interestingly, they concluded that
none are defined uniquely by NK1R expression. In fact, they found
expression of Tacrl across several clusters and made no men-
tion of projection neurons. In contrast, Haring et al. (33) delineated
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Fig. 7. Highly multiplexed in situ hybridization reveals subsets of molecularly and functionally diverse projection neurons in the superficial dorsal horn. (A-L) Rep-
resentative superficial dorsal horn section illustrates Retrobead (RB)-labeled projection neurons from heat (Fos) and chloroquine (tdT)-stimulated TRAP2 mice. A subset
of projection neurons is activated by heat (50 °C), but not chloroquine (A-F); other subsets are activated by chloroquine only (G), both heat and chloroquine (H-J), or
neither stimulus (K and L). Each functionally defined subset includes projection neurons that express varying combinations of the genes Tacr1, Cck, Nptx2, and Crh.

15 dorsal excitatory neuron categories and, by integrating a ret-
rograde tracing approach, concluded that spinoparabrachial neu-
rons are concentrated within one of the 15 clusters of excitatory
neurons (Glut 15). Our study differs considerably from these
studies in approach, experimental procedures, and most impor-
tantly, in conclusions. Thus, to specifically characterize the mo-
lecular heterogeneity of projection neurons, we used bulk profiling
of isolated projection neuron ribosomes from dorsal spinal cord
and TNC tissue. Not surprisingly, we concur with Héring et al.’s
identification of Glut 15, one of the clusters defined by NK1R
enrichment, as a projection neuron population. Specifically, as
predicted by Haring et al. (33), we identified Crh, Lypdl, and
Elavl4 in projection neurons, all of which are included in the Glut
15 cluster. Importantly, although Haring et al. proposed Lypd! as
a novel marker for projection neurons, because Lypd] is expressed
in almost 95% of NK1R projection neurons, it cannot be used to
define subtypes. In contrast, we identified several genes expressed
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in more discrete subsets of projection neurons. Importantly, sev-
eral of these genes belong to excitatory populations other than the
Glut 15 cluster. For example, our finding of Cck*, Npxx2*, and
Nmb™ projection neurons demonstrates that there are spinopar-
abrachial neurons within the Glut 2, 3, 7, 9, and 11 through 14
excitatory clusters. On the other hand, as many of these genes are
also expressed in sensory neurons and dorsal horn interneurons,
we could not exclusively associate a particular candidate gene with
a functional subset of projection neurons. It follows that these
genes cannot be used as sole markers of projection neurons. Fu-
ture studies of their relative functional contributions will require
complex intersectional approaches.

Specificity vs. Convergence and the Generation of Pain and Itch
Percepts. Using techniques that selectively stimulate or ablate
subsets of neurons (e.g., DREADDS, intersectional knockouts,
optogenetics) recent studies have provided considerable evidence
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Fig. 8. NK1R-negative projection neurons are also molecularly heterogeneous. Representative Retrobead (RB)-labeled projection neurons in superficial (A-C)
and deep dorsal horn (D and E) of TRAP2 mice that are negative for Tacr1 express different combinations of Cck, Nptx2, and Crh. The illustrated projection
neurons respond either only to heat (50 °C; i.e., Fos mRNA*; A, B, and D) or neither to heat nor chloroquine (Fos mRNA~ and tdT mRNA~; C and E).

for a labeled-line view of pain and itch transmission, at least at the
level of primary sensory neurons and dorsal horn interneurons
(3-5, 59). On the other hand, with some exceptions (10, 13),
electrophysiological data overwhelmingly suggest polymodality at
all levels of the neuraxis (60). The latter implies that pain- and
itch-provoking inputs either converge on modality-indiscriminate
circuits, a conclusion that ignores results from many studies, or
that a population code is in effect, one that results from cross-
talk among different labeled lines. In fact, with regard to pain,
itch, and thermal processing, several groups described combi-
natorial coding at the level of the DRG (61) and spinal cord (60,
62). Indeed, Sun et al. (60) reported that GRP interneurons,
generally considered to exclusively contribute to the processing
of itch messages, also contribute to pain processing, depending
on noxious stimulus intensity. Our findings are consistent with a
population code model of pain and itch processing. We speculate
that a similar code underlies the processing of pain and itch
messages by the molecularly diverse population of projection
neurons that receive convergent modality inputs. To what extent
a labeled line component integrates with the output of projection
neurons that use a population code in the generation of pain and
itch and most importantly how the brain interprets these mes-
sages remains to be determined.

Methods

Animals. Animal experiments were approved by the University of California,
San Francisco (UCSF) Institutional Animal Care and Use Committee and
conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals (63). We puchased the following mice from The Jackson Laboratory:
Male and female C57BL/6J mice (stock no. 000664) and TRAP2 mice (stock no.
030323; see also ref. 35). NK1R-Cre mice were provided by Xinzhong Dong, Johns
Hopkins University, Baltimore, MD (64). All mice were adults (6 to 12 wk old)
and housed on a 12 h light/dark schedule.

Stereotaxic Injections. The lateral parabrachial nucleus (LPb, coordinates (in
millimeters): +1.3 from midline, —5.34 from Bregma, —3.6 from skull) of
anesthetized (ketamine (60 mg/kg)/xylazine (8.0 mg/kg) mice was injected bi-
laterally with 0.5 uL of a herpes simplex-based viral vector expressing the large
ribosomal subunit protein L10a (a gift from Zachary Knight, UCSF, San Fran-
cisco, CA). Wild-type mice received a GFP-tagged L10a (HSV-hEF1a-GFP-L10a)
viral vector and NK1R-Cre mice, a Cre-recombinase-dependent HA-tagged
L10a (HSV-hEF1a-LS1L-Flag-HA-L10a) viral vector. Mice were killed 2 to 3 wk
after surgery and their tissues dissected for immunoprecipitation. To retro-
gradely label LPb-projecting neurons of the spinal cord dorsal horn and TNC,
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wild-type mice received 0.5 pL of green Retrobeads (Lumafluor), 2% FG
(Fluorochrome), or the HSV-hEF1a-GFP-L10a.

Immunoprecipitation, RNA, and cDNA Preparation. To immunoprecipitate tag-
ged ribosomes and their associated mRNA, we followed the protocol described
by Ekstrand et al. (36). See S/ Appendix for minor modifications applied to the
protocol. cDNA was prepared with the Ovation RNA-seq V2 kit (Nugen) and a
portion was set aside for analysis by qPCR (see below for methods used). Li-
braries for RNA-seq were prepared with the remaining cDNA using the Ova-
tion Ultralow Library System (NuGen).

gPCR. We quantified mRNA levels with the Bio-Rad CFX Connect System using
TagMan Gene Expression Assay (Applied Biosystems). All TagMan values
were normalized to ribosomal protein Rpl27. Fold-enrichment plots from
TagMan data were obtained by dividing the IP RNA value for each gene by
the input RNA value (IP/input).

Sequencing and Bioinformatic Analysis. RNA sequencing was performed on an
Illumina HiSEq. 4000 sequencer using 50-bp single-end reads. We sequenced
the following samples: GFP-IP experiment (four IP replicates paired with four
input replicates, which were obtained from pooling four mice per replicate);
and HA-IP experiment (three IP replicates paired with three input replicates,
obtained from pooling four mice per replicate). RNA-seq data were pro-
cessed in Galaxy and further analyzed with Microsoft Excel and MATLAB
(R2015b). RNA STAR (v 2.6.0b) was used to align the reads. Htseg-count (v
0.9.1) and DESeq2 (v 1.18.1) were used for transcript abundance estimation
and differential expression testing, respectively. The University of California
Santa Cruz GRCm38 (mm10 build) was used for gene annotation.

ISH. We followed the Advanced Cell Diagnostics protocol for RNAscope ISH on
fresh TG tissue (Advanced Cell Diagnostics, multiplex fluorescent assay, cat.
no. 320850 and Hiplex 12 ancillary kit, cat. no. 324140). See S/ Apendix for full
protocols. For the complete list of probes used, see S/ Appendix, Table S1.

For Fos induction studies, mice were injected 2 wk prior to stimulation
with HSV-hEF1a-GFP-L10a or green Retrobeads into the LPb. For pruritic
stimulation, under anesthesia, we injected chloroquine (CQ; 500 pg in 100 pL)
into the left cheek, and performed ISH in the TNC for Fos and each candidate
gene. For noxious heat stimulation, under anesthesia, we submerged the left
hindpaw in 50 °C water for 30 s and performed ISH on the lumbar spinal cord.
All mice were injected intraperitoneally (i.p.) with an anesthetizing dose of
Avertin (1.25%) 20 to 30 min before stimulation and killed 15 to 30 min after
stimulation with a lethal Avertin dose.

TRAP2 Assay. TRAP2 mice (35) were crossed with mice that ubiquitously express
tdTomato (tdT) after tamoxifen-induced Cre recombination (Ai14 mice; The
Jackson Laboratory, stock no. 007914). Adult male TRAP2-tdT mice first re-
ceived 2% FG into the LPb (n = 3 per group). One week later, the TRAP2-tdT
mice received an i.p. injection of 4-hydroxy-tamoxifen (100 mg/kg, dissolved in
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oil; Sigma). Three hours later, the TRAP2-tdT mice were stimulated, under
anesthesia, contralateral to the FG injections: one group of mice received
200 pg of chloroquine (in 25 L) into the hindpaw (CQ group) and in another
group the entire hindpaw was dipped five times for 30 s each, into a 50 °C
waterbath, with 30 s between each stimulus (heat group). One week later,
under anesthesia, the CQ group received the heat stimulus and the heat group
received the CQ stimulus. Ninety minutes later, all mice received an overdose
of Avertin (2.5% and lumbar spinal cord tissue was processed for immuno-
histochemistry or ISH.

Imaging and Image Analysis. All images were taken with an LSM 700 confocal
microscope (Zeiss) and Zeiss Zen software (2010). The same parameters were
used for all images within an experiment.
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